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Perfusion of the knee joint Electrical stimulation of the hindpaw
Knee joint perfusion was performed as previously described Two stainless steel electrodes were placed transversely in the (Coderre et al. 1989; Miao et al. 1996b) . In brief, after incision plantar surface of the hindpaw contralateral to the perfused knee of the skin and connective tissue overlying the anterior aspect of joint (Ç10 mm apart). Afferent fibers were excited by a square the knee and the saphenous vein, Evans blue dye (50 mg/kg) was wave stimulus at an intensity of 25 mA (0.25-ms pulse duration). administered intravenously in the saphenous vein. Ten minutes This stimulus intensity was found to reliably excite C fibers (Green after injection of the dye, a 30-gauge needle was inserted into the et al. 1995). The stimulus frequencies were doubled progressively, cavity of the knee joint for the infusion of fluid (250 ml/min, starting with 0.0625 on up to 1 Hz. A stimulation period at a given controlled by a syringe pump from Sage Instruments, Model 351, frequency lasted for 20 min. Cambridge, MA). After infusion of an initial volume of 100-200 ml of vehicle, a second needle (25-gauge) was inserted into the
Subdiaphragmatic and cervical vagotomy
knee joint, Ç3 mm from the inflow needle. This second needle served as an outflow cannula. Fluid was withdrawn from the joint The vagus nerves were dissected bilaterally at the subdiaphragthrough the outflow cannula using a second syringe pump. The matic level, as described previously (Miao et al. 1994 ; Precht and fluid was infused and withdrawn at a constant rate of 250 ml/min. Poley 1985). After lateral incision of the abdominal wall in the Perfusate samples were collected every 5 min for periods of°185 left upper quadrant, the esophagus at the subdiaphragmatic level min. Samples were analyzed for the amount of Evans blue dye by was exposed fully. The vagus nerves then were dissected free from spectrophotometric measurement of absorbance at 620 nm. Ab-the esophagus and cut. In four animals, cervical vagotomy was sorbance at this wavelength is linearly related to the dye concentra-performed bilaterally, with a tracheal cannula in place. After medial tion (Carr and Wilhelm, 1964) .
incision of the ventral skin of the neck, both cervical vagus nerves After a 15-min baseline perfusion period with vehicle (normal were exposed and cut. Experiments on vagotomized rats began Ç1 saline), plasma extravasation into the knee joint was stimulated h after the surgical operation. Some experiments were conducted by adding bradykinin (BK, 160 ng/ml, i.e., 1.5 1 10 07 M) to the 10 days after subdiaphragmatic vagotomy. perfusion fluid. Both knee joints in the same rat were perfused simultaneously.
Dose-response relationships Stimulation of spinal visceral afferents by capsaicin
Dose-response relationships for capsaicin effects on the inhibition of BK-induced PE were obtained by a cumulative dose method Spinal visceral afferents from the peritoneal cavity and from the (Miao and Lee 1989) . The doses that produced 50% of the maxiurinary bladder were excited by capsaicin. Capsaicin was injected mum inhibition (ED 50 values) were determined for each joint. into the peritoneal cavity in progressively higher doses (10 06 to 1 From these values, the geometric means for ED 50 with 95% confimg/kg) at 20-min intervals.
dence intervals were calculated (Fleming et al. 1972 ; Miao and Because of their short and relatively straight urethra, female rats Lee 1989). were used in the experiments in which visceral afferents from the urinary bladder were stimulated; it is extremely difficult to cannulate the urethra of male rats. A PE-50 polyethylene cannula was Materials placed into the urinary bladder through the urethra without causing Bradykinin acetate, 8-methyl-N-vanillyl-6-nonenamide (capsatrauma. Starting 30 min after beginning the bradykinin infusion into icin), and polyoxyethylene sorbitan mono-oleate (Tween 80) were the knee joint cavity, solutions of capsaicin (1 ml) in increasing purchased from Sigma Chemical (St. Louis, MO). Capsaicin was concentrations (10 010 to 10 04 M) were injected into the urinary first dissolved in a solution mixed with ethanol and Tween 80 (1:1 bladder. Each solution was left in the bladder for 20 min, and the ratio) and then diluted in normal saline (Travenol Laboratories, bladder then was emptied before a solution with the next higher Deerfield, IL). The final concentration of ethanol was õ0.1%. concentration of capsaicin was injected. An age-matched group of female rats was used as controls in which neither the vagus nerve was cut nor spinal visceral afferents stimulated.
Experimental procedure and statistics
The level of basal synovial plasma extravasation as well as the maximal level of BK-induced PE were smaller in female than in
Results are based on different experimental interventions, each conducted on at least eight knee joints (for data summary, see male rats (see Table 1 ). The reason for this gender difference is J149-7 / 9k19$$se51 08-07-97 06:40:43 neupa LP-Neurophys FIG . 1. Effect of intraperitoneal capsaicin on bradykinin-induced plasma extravasation (BK-induced PE) in sham surgery control and in acute subdiaphragmatic vagotomized rats. After baseline plasma extravasation in the first 3 samples, bradykinin (BK; 160 ng/ml) was added to perfusion fluid, and for remainder of the experiment, was the only substance in the perfusion fluid. In control group, rats were with intact vagus nerves and did not receive any injection of capsaicin ( ᭺, n Å 8). In sham control group, the abdomen was only opened to expose subdiaphragmatic vagus nerves, without cutting them, and then closed again (q, n Å 8). Bilateral subdiaphragmatic vagus nerves of rats in vagotomy group were cut 1 h before knee joint perfusion experiment (ª, n Å 8). In sham and vagotomy groups, capsaicin was injected in cumulative doses into the peritoneal cavity (10 06 to 1 mg/kg). In this and subsequent figures, data are presented as means { SE. Time-effect curve of sham control group was significantly different from that of acute vagotomy group ( F Å 32.619, P õ 0.01). Both curves of sham and vagotomy groups were significantly different from that in control group in which no capsaicin was injected ( F Å 49.681 and 170.970, respectively, both P õ 0.01). Table 1 ). Data are presented as means { SE; significant differences Table 1 ]. There was no significant difference in the dosebetween pairs of time-effect curves were determined by two-way response curves of the inhibition of BK-induced PE between (group 1 time) repeated measures analysis of variance (ANOVA). both types of vagotomy ( Fig. 2 Fig. 1 and ᭺ in Fig. 2) . transcutaneous electrical stimulation of the plantar skin Acute subdiaphragmatic or cervical vagotomy significantly potentiated the inhibition of BK-induced PE, which was gen-BK-induced PE was depressed powerfully by transcutaneous electrical stimulation of C fibers as described previously erated by intraperitoneal capsaicin (subdiaphragmatic vagotomy: ª in Fig. 1 and q in Fig. 2 ; cervical vagotomy: 1 in (Green et al. 1995 (Green et al. , 1997 . The depression of BK-induced PE was graded when the frequency of the electrical stimulus Fig. 2 ). After vagotomy, inhibition is now detectable from 10 06 mg/kg capsaicin and maximal at Ç10 02 mg/kg. The at C-fiber strength (25 mA) was varied from 0.0625 to 1 Hz being maximal at 1 Hz stimulation (q in Fig. 4 and ᭺ ED 50 for inhibition in the sham surgery group was significantly larger than those of subdiaphragmatic vagotomy as in Fig. 5 ). After acute subdiaphragmatic vagotomy, low frequency stimulation at 0.0625 Hz, which did not affect well as cervical vagotomy [1.9 1 10 06 mg/kg (subdiaphragmatic vagotomy) and 1.1 1 10 06 mg/kg (cervical vagot-BK-induced PE in sham control rats, already produced a depression of BK-induced PE (ª in Fig. 4 and q in Fig.  omy) transcutaneous electrical stimulation led to a graded depression of BK-induced PE and, second, that vagotomy potentiated depression produced by both stimuli. Based on these results, we hypothesize that intrathecal nicotine does excite neurons of the nociceptive pathway. The arguments in favor of this hypothesis are as follows: 1) the nicotinic action was mimicked by stimulation of somatic and visceral nociceptive afferents; 2) vagotomy potentiated the inhibition elicited by both stimulation of nociceptive afferents and intrathecal nicotine (Miao et al. 1994 (Miao et al. , 1997b ; 3) hypophysectomy attenuated both (Green et al. 1995; Miao et al. 1996c) ; and 4) blockade of glucocorticoid receptors attenuated both (Green et al. 1995; Miao et al. 1996c ). These observations suggest a common modulatory mechanism shared by functionally different types of somatic and visceral nociceptive afferent input systems and that a nociceptive-neuroendocrine negative feedback loop, which controls neurogenic inflammatory processes in the synovia of the rat knee joint, is inhibited continuously by activity in vagal afferents and released after vagotomy.
We also found that acute vagotomy does not influence basal synovial plasma extravasation but increases maximal BK-induced PE (see Table 1 ). At present we have no expla-FIG . 2. Stimulus-response functions for inhibition of BK-induced PE generated by intraperitoneal capsaicin in sham surgery control and in acute subdiaphragmatic and cervical vagotomized rats. Capsaicin was injected in increasing concentrations (10 06 to 1 mg/kg), cumulatively, into peritoneal cavity. Acute cervical (1, n Å 8) or subdiaphragmatic vagotomy (q, n Å 8) potentiated action of intraperitoneal capsaicin, shifting dose-response curve significantly to the left (1 vs. ᭺, F Å 22.946; q vs. ᭺, F Å 44.008, both P õ 0.01). Dose-response curves of cervical vagotomy group and that of subdiaphragmatic vagotomy group were not significantly different (1 vs. q, F Å 2.731, P ú 0.05). Data of experiments on sham-vagotomized and acute subdiaphragmatic vagotomized rats were the same as those presented as time-effect curves in Fig. 1.   5 ). The dose-response curve for the depression of BK-induced PE was significantly shifted to the left after vagotomy (P õ 0.01, ᭺ vs. q in Fig. 5 ). For example, at a stimulation frequency of 0.125 Hz, the BK-induced PE was little changed in control animals but depressed by Ç50% in the vagotomized animals. Similar results were obtained from animals that were vagotomized 10 days before the experiment (data not shown). depressions were mediated by the HPA axis but not by the was injected successively into the urinary bladder through a catheter in the urethra in female rats. Before the next higher concentration of capsaicin sympathetic outflow to the knee joint or by the sympathowas injected, the urinary bladder was emptied. Maximal BK-induced PE adrenal system (Green et al. 1995; Miao et al. 1996c ). In the in females is Ç70% of maximal value in males (unpublished observations).
present study, we have shown first that graded stimulation of Acute subdiaphragmatic vagotomy (n Å 10) potentiated the action of inperitoneal afferents and visceral afferents from the urinary trabladder capsaicin, shifting dose-response curve significantly to the left (F Å 27.005, P õ 0.01).
bladder by capsaicin and of cutaneous C-fiber afferents by J149-7 / 9k19$$se51 08-07-97 06:40:43 neupa LP-Neurophys Effect of subdiaphragmatic vagotomy on depression of BK-induced PE into knee joint generated by continuous transcutaneous electrical stimulation of unmyelinated afferents (25 mA, 0.0625-1 Hz, of 0.5 ms duration). After establishment of baseline PE in first 3 samples, BK (160 ng/ml) was added to perfusion fluid and, for remainder of the experiment, was the only substance in perfusion fluid ( ᭺, n Å 8). In a second group of rats with intact vagus nerves ( q, n Å 8), C fibers were stimulated electrically, via electrodes in 1 hindpaw, starting 40 min after onset of perfusion of BK, whereas in a third group of animals (ª, n Å 8) cutaneous C fibers also were stimulated, but these animals were vagotomized subdiaphragmatically immediately before the experiments. Frequency of stimuli varied from 0.0625 to 1 Hz. Time-effect curve in acute vagotomy group was significantly different from that in sham surgery group (ª vs. q, F Å 20.085, P õ 0.01). Curves of both the acute vagotomy and sham surgery groups were significantly different from that of no-stimulation control group (ª vs. ᭺, F Å 349.166, q vs. ᭺, F Å 25.756, both P õ 0.01).
nation for this latter change. If ongoing activity in abdominal Although the spinal mechanism by which intrathecal nicotine inhibits BK-induced PE is not known, several lines of vagal afferents continuously activates the HPA axis leading to some depression of BK-induced PE, one would expect an evidence suggest that it is through spinal nociceptive neurons because there are nicotinic receptors on nociceptive sensory enhancement of BK-induced PE after acute vagotomy. Figure 6 outlines the putative central neuronal and neuro-neurons (Boyd et al. 1991; Khan et al. 1994b) . Given that the nociceptive neurons can be activated by nicotine via endocrine circuits that might mediate the vagal modulation of the depression of BK-induced PE generated by noxious these nicotinic cholinergic receptors (Renshaw et al. 1993; Steen and Reeh 1993) , nicotine also should stimulate the stimulation of skin as well as by stimulation of spinal visceral afferents. Afferent activity from skin, viscera, and central terminals of these afferent neurons. Although some investigators have shown that intrathecal nicotine generates probably the deep somatic domain is proposed to converge on the same spinal ascending tract neurons that project via nociceptive behavior in rats (Khan et al. 1994a-c) others have elicited antinociceptive effects by these nicotinic stimthe brain stem to the hypothalamus. The nature of this ascending tract is unknown. However, it is clear from our data uli (Gillberg et al. 1990; Rogers and Iwamoto 1993) . The reason for these differences are unknown but may be related that this central neural pathway is under powerful inhibitory control from abdominal vagal afferents acting via the nucleus to the fact that nicotinic receptors are not only on the central terminals of nociceptive afferent neurons but also on other of the solitary tract (NTS) either at the level of the spinal cord, the brain stem and/or the hypothalamus. The final neurons in the spinal cord (Hösli and Hösli 1994; Khan et al. 1994d ). efferent signal derives from the adrenal cortex and is possibly a glucocorticoid (Green et al. 1995 (Green et al. , 1997 . The target Intraperitoneal capsaicin probably produces depression of BK-induced PE through stimulation of two sets of afferents. cells mediating the inflammatory process upon which this endocrine signal acts, leading to depression of BK-induced First, it may stimulate spinal afferents from the visceral peritoneal lining covering abdominal and pelvic organs that pro-PE, are unclear. They generally are assumed to be cells belonging to the immune system (e.g., macrophages, lym-ject through different splanchnic nerves to the thoracic and upper lumbar spinal cord (Jänig and Morrison 1986) . Most phocytes, and polymorphonuclear leukocytes) or the microvascular endothelium. However, this signal from the adrenal of these afferents are mechanosensitive and chemosensitive (i.e., responding to inflammatory agents, ischemia, etc.) (for cortex also could act primarily on sympathetic postganglionic terminals because these are necessary to mediate a large review, see Jänig 1996) . They are involved in visceral nociception and visceral pain (see Cervero and Morrison 1986; part of the BK-induced PE (Green et al. 1997; Miao et al. 1996b,d) .
Gebhart 1995 tory responses via the HPA axis is in agreement with reports that indicate that activity in the vagus nerve inhibits this axis (Bueno et al. 1989; Gonzalez-Fernandez and Gonzalo-Sanz 1987) and, therefore, the effects of stimuli that activate the HPA axis. Because activation of the HPA axis produces a potent anti-inflammatory effect, an enhanced activity of the HPA axis after removal of the vagal afferent activity would be expected to potentiate the anti-inflammatory effect of intrathecal nicotine, noxious visceral stimuli, or noxious cutaneous stimuli in reducing synovial plasma extravasation. An interesting corollary of the present study is that spinal visceral afferents and vagal visceral afferents have functionally opposite reflex effects on the neurogenic inflammatory process via the HPA axis.
Recently it was shown in experiments in monkeys and rats that vagal afferents are involved in control of nociception and pain. In rats, cervical vagotomy reduces stressinduced analgesia generated by intermittent foot shocks (Maixner and Randich 1984; Maixner et al. 1982) . Furthermore, stimulation of volume receptors from the right atrium produces inhibition of tail flick reflex to noxious radiant heat (Maixner and Randich 1984) . In monkeys, electrical stimulation of cervical vagal afferents suppresses transmission of impulse activity in spino-thalamic relay neurons with nociceptive function at all levels of the spinal cord. Electrical stimulation of subdiaphragmatic vagal afferents has no effect on the spino-thalamic relay neurons in this species. These FIG . 5. Stimulus-response functions of the depression of BK-induced PE generated by increasing frequency of the electrical C-fiber stimulation (abscissa scale) in sham surgery control rats ( ᭺ ) and in vagotomized rats (q). Data taken from 2 last samples of each stimulation period. Same experiments as in Fig. 4A . Acute subdiaphragmatic vagotomy potentiated the action of transcutaneous C-fiber stimulation, shifting dose-response curve significantly to the left (F Å 9.539, P õ 0.01).
Jänig and Häbler 1995) and possibly regulations of visceral organs. Second, it also may excite afferents innervating the parietal peritoneum. Little is know about the functional properties of these afferents, but they also may respond to local mechanical and chemical stimuli (Bahns et al. 1986 ), these afferents may belong to the so-called ''silent afferents'', which are only activated under special extreme conditions (Michaelis et al. 1996) . They are not visceral in the true sense but deep somatic afferents (see Lewis 1942) . Finally, intraperitoneal capsaicin may stimulate vagal afferents that project to the nucleus of the solitary tract (Ritter and Dinh 1988) . The functional types of vagal afferents excited in this way are unknown.
Capsaicin injected into the urinary bladder excites sacral as well as lumbar visceral afferents (vagal visceral afferents should not be involved because there is no vagal innervation observations are in favor of the notion that particularly duces depression of BK-induced PE, and this depression is potentiated after subdiaphragmatic vagotomy as is the cardio-pulmonary afferents are involved in this inhibitory control. The central pathways that mediate this effect are suppression of BK-induced PE by intrathecal nicotine. The results imply that intrathecal nicotine may excite spinal nocineurons in the subceruleus-parabrachial complex (noradrenergic) and neurons in the nucleus raphe magnus of the rostro-ceptive neurons and/or axons. Further elucidation of the underlying mechanisms should provide details on important ventral medulla (serotonergic) that project to the dorsal horn (for review, see Foreman 1989). Similar results were ob-intrinsic neural pathways for modulation of the inflammatory response. tained in the rat by Gebhart and coworkers. Here transmission of nociceptive impulses from skin and colon in the dorsal horn and the tail-flick-reflex elicited by noxious heat aphragmatic vagal afferents were particularly powerful in eliciting these modulatory effects. As in the monkey, the Received 21 February 1997; accepted in final form 3 June 1997. inhibitory effects were generated via descending systems from the subceruleo-parabrachial complex and from the ros-
